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Abstract
Papillomaviruses establish persistent infection in the dividing, basal epithelial cells of the host.
The viral genome is maintained as a circular, double-stranded DNA, extrachromosomal element
within these cells. Viral genome amplification occurs only when the epithelial cells differentiate
and viral particles are shed in squames that are sloughed from the surface of the epithelium. There
are three modes of replication in the papillomavirus life cycle. Upon entry, in the establishment
phase, the viral genome is amplified to a low copy number. In the second, maintenance phase, the
genome replicates at a constant copy number in synchrony with the cellular DNA in dividing cells.
And finally, in the vegetative or productive phase, the viral DNA is amplified to a high copy
number in differentiated cells and is destined to be packaged in viral capsids. This review
discussed the cis elements and protein factors required for each stage of papillomavirus
replication.

I. Background
A. Papillomavirus associated disease

Papillomaviruses are ubiquitous, epitheliotrophic viruses that cause warts or papillomas.
There are hundreds of different human and animal papillomavirus types that have coevolved
with their hosts over millions of years. Each virus is species specific and replicates
persistently in a specific type of cutaneous or mucosal epithelium. Papillomaviruses cause a
spectrum of disease ranging from clinically inapparent infections, through a variety of
benign lesions such as common warts, anogenital warts, and laryngeal papillomatosis
(Lacey, 2005) to malignant carcinomas. In humans, persistent infection with high-oncogenic
risk HPVs is responsible for virtually all cervical cancer (Parkin et al, 2005; Walboomers et
al, 1999), and is associated with a subset of head and neck cancers (Gillison and Lowy,
2004).

B. Life Cycle
All papillomaviruses have similar life cycles that are tightly linked to differentiation of the
host epithelium (see Figure 1). In a normal epithelium, only cells in the lower basal layer are
mitotically active. After cell division, one daughter cell is pushed up to replenish the
overlying differentiated layers, which are eventually shed from the surface of the epithelium.
To initiate infection, papillomaviruses must access the dividing basal cells and it is thought
that they do so through microabrasions or wounds. Certain cells in the epithelium, such as
those in the bulge of the hair follicle, or the transformation zone of the cervix or epithelial
stem cells, may be more susceptible to, or more likely to support, long term persistent
infection.
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Papillomaviruses must target a site of epithelial wounding and it has been proposed that
laminin 5, secreted by migrating keratinocytes, acts as a transient receptor to trap the virions
(Culp et al, 2006). Viral particles also adsorb to membrane-associated heparan sulfate
proteoglycans (Giroglou et al, 2001; Joyce et al, 1999; Shafti-Keramat et al, 2003) before
transfer to more specific receptors such as the candidate receptor, 6 integrin (Evander et al,
1997; McMillan et al, 1999). Viral particles enter the cell by either calveolae or clathrin-
mediated endocytic pathways (Bousarghin et al, 2003; Day et al, 2003; Hindmarsh and
Laimins, 2007; Smith et al, 2007). After exiting the endosomes, the L2 minor capsids
protein transports the viral DNA into the nucleus to the subnuclear promyelocytic leukemia
protein (PML) bodies (Day et al, 2004). Upon infection, many DNA viruses localize to,
initiate transcription at, and often disrupt, these bodies, leading to the hypothesis that they
are involved in antiviral defense (Negorev and Maul, 2001). In contrast, the presence of the
PML protein enhances early transcription of papillomaviruses (Day et al, 2004).

After transportation to the nucleus, the viral genome is amplified to a copy number that may
range from 10 to 50 copies per cell, and the infected cell is driven to proliferate to provide a
pool of infected basal cells to form the basis of the papilloma. The viral genomes are
maintained in the nucleus of the dividing basal cells as extrachromosomal replicating
elements that replicate in synchrony with the host cellular DNA in a cell cycle dependent
manner. Papillomavirus infections are usually long-lived and persistent and the continually
dividing basal cells serve as a reservoir of infected cells for the continual progressive
vertical differentiation that occurs during the maturation of the epithelium. Therefore,
papillomaviruses need a robust mechanism to retain their extrachromosomal genomes within
the nucleus of continually dividing cells to ensure that the infection is sustainable.

Viral genome amplification, late capsid protein synthesis and virion assembly occur in the
upper, terminally differentiated cells of the epithelium. Virions are assembled in the
superficial differentiated layers and are found throughout the nuclei, frequently organized
into paracrystalline arrays. These virus containing cells are destined to be sloughed from the
epidermis. The strategy of restricting viral DNA amplification and synthesis of large
amounts of viral antigens to the superficial layers of an epithelium ensures long-term
persistent infection and is important for immune evasion by the virus. However, this strategy
necessitates that the virus amplifies its DNA in cells that would normally have withdrawn
from the cell cycle are undergoing differentiation. To achieve this, the papillomaviruses
must disrupt the normal differentiation process and sustain cells in an S-phase like state so
that the virus has available the enzymes to replicate its own DNA. An unintended result of
cell cycle disregulation by a subset of “high risk” viruses is the absence of crucial cell cycle
checkpoints, which can lead to genetic instability and malignant progression.

C. Genome Organization and Expression
Papillomaviruses have circular, double-stranded DNA genomes of approximately 7000 to
8000bp (see Figure 2). The coding region is divided into early and late regions. The early
region contains open reading frames designated E1 through E8, which, for the most part, are
expressed in the lower, less differentiated layers of a papilloma. The late region encodes the
capsid antigens, L1 and L2, which are expressed in the more superficial, differentiated cells.
All viral RNA species are transcribed from one strand and undergo extensive alternative
splicing. A region of approximately 500 to 1000bp, located upstream from the coding
region, is called the Long Control Region (LCR) or Upstream Regulatory Region (URR).
This region contains the replication origin, sequences required for genome maintenance and
transcriptional enhancers and promoters.

McBride Page 2

Adv Virus Res. Author manuscript; available in PMC 2011 August 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



D. Function of Viral Proteins
Papillomaviruses appear to be simple viruses that encode only a few genes, but each viral
protein interacts with and regulates a multitude of cellular proteins. Overall, the functions of
the viral proteins contribute to initiating an efficient, persistent infection, to evading the host
immune system and to producing large amounts of progeny virus.

Basal cells act as a reservoir of cells for the continual renewal of the epithelium and their
division is normally regulated by growth factors. Immediately after virus infection, the
newly infected cell is driven to proliferate independently from these cellular factors in order
to establish a pool of infected basal cells. The E5 protein is a membrane protein that
promotes proliferation of infected basal cells by inducing constitutive, ligand-independent
activation of growth factor receptors. E5 also interferes with Golgi acidification, resulting in
increased cycling and activation of growth factor receptors (reviewed in (DiMaio and
Mattoon, 2001). E5 down-regulates surface expression of major histocompatibility complex
(MHC) class I molecules, helping the virus to evade the host immune system (Ashrafi et al,
2006; Zhang et al, 2003).

The E6 and E7 proteins also induce cellular proliferation and delay differentiation of the
host cells to sustain them in an S-phase like state to ensure the availability of host DNA
synthesis proteins for viral DNA replication. The E7 proteins of many “high risk” HPVs
accomplish this by binding and inactivating the cellular pRB protein, resulting in expression
of S-phase genes. However, this aberrant state induces proteins, such as p53, to arrest the
growth of abnormal cells. In turn, the E6 protein binds to the p53 protein and targets it for
degradation, thus enabling the cells to remain in a sustained S-phase-like state. The
continual division of cells without checkpoints leads to genetic instability and, eventually, a
malignant phenotype (reviewed in(Wise-Draper and Wells, 2008)). It is not clear how the
“low risk” papillomaviruses fulfill this same requirement as they do not inactivate pRb and
p53 functions; they most likely use alternative interactions to accomplish the same goal. For
example, the “low risk” HPV E7 proteins bind a unique pRb and calmodulin-binding
scaffolding protein called p600, (DeMasi et al, 2005; Huh et al, 2005) and both “low- and
high-risk” HPVs are able to target the pRB family member p130 for degradation (Zhang et
al, 2006). “Low risk” E6 proteins disrupt the actin cytoskeleton and bind a number of
cellular proteins, including ERC-55, the focal adhesion protein paxillin, the E3 ubiquitin
ligase E6AP, and the clathrin adaptor complex AP-1 (reviewed in (Wise-Draper and Wells,
2008). E5, E6 and E7 are also important for immune evasion and they act by down
regulating interferon responsive genes and MHC Class I surface expression (reviewed in
(Woodworth, 2002).

E1 is the primary replication initiator protein. It binds and unwinds the viral replication
origin in concert with the E2 protein. The E2 protein is the major transcriptional regulator of
the virus and both activates and represses transcription from viral promoters. Additionally,
the E2 protein maintains and partitions the replicating extrachromosomal genome. This
review will focus on the replication associated functions of these proteins.

The E4 protein, usually expressed from a spliced mRNA species as E1^E4, is synthesized at
very high levels in the differentiated layers of the papilloma. E4 interferes with the cell cycle
and may also be important for sustaining an S-phase like state in cells that are amplifying
viral DNA (Davy et al, 2002). E4 also increases the egress of virions by weakening the viral
laden cornified envelopes (Brown et al, 2006) and by disrupting keratin filaments (Doorbar
et al, 1991).

Papillomavirus virions form non-enveloped icosahedral structures of 55–60nm diameter
containing the genome packaged in a nucleohistone complex (Favre et al, 1977). L1 is the
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major capsid antigen and can self-assemble into virus like particles (Kirnbauer et al, 1992;
Zhou et al, 1991). L2, the minor capsid protein, is important late in infection for packaging
the viral genome into the capsid (Day et al, 1998; Zhao et al, 1998) and at early stages of
infection to transport the viral DNA to the nucleus to establish a permissive infection (Day
et al, 2004).

E. Modes of Viral DNA Replication
The papillomavirus life cycle requires three different modes of viral DNA replication which
can be defined as “Establishment”, “Maintenance” and “Amplification”. Upon initial
infection, the incoming viral genome is transported to the nucleus where it undergoes a
limited amplification to a low copy number to establish the infection. In the second stage of
replication, these genomes are replicated and maintained at a constant copy number in
mitotically active basal cells. And finally, as the infected cells differentiate and mature, the
genome is vegetatively amplified to a large copy number to provide progeny genomes to be
encapsidated in virion particles. Some of these steps are very well understood, but others
still remain elusive.

II Replication Initiation
Initiation of papillomavirus DNA replication requires the replication origin, which
minimally contains an E1 and E2 binding site (Mohr et al, 1990; Ustav and Stenlund, 1991;
Ustav et al, 1991), and the viral E1 and E2 proteins. E1 is the primary replication protein; it
is an ATP-dependent helicase that specifically binds, melts and unwinds the viral replication
origin to allow access of the cellular replication proteins. Initially, E1 cooperatively binds to
the origin with the E2 protein but E1 then assembles into double hexamers that encircle the
DNA and bidirectionally unwind the origin.

A. The E1 Initiator Protein
The papillomavirus E1 proteins are 70-kD ATP-dependent helicases that bind specifically to
the origin to initiate replication (Yang et al, 1993). They consist of four domains; an N-
terminal domain, a sequence specific DNA binding domain, an oligomerization domain and
a helicase domain (see Figure 3A). The replication origin contains binding sites for E1 and
the loading protein, E2 (Ustav et al, 1991). As shown in Figure 4, A dimer of E1 and a dimer
of E2 cooperatively bind to their adjacent sites with the N-terminal domain of E2 forming an
interaction with the helicase domain of E1 (Sarafi and McBride, 1995; Sedman et al, 1997).
After loading, E2 is dissociated from the complex and E1 coverts into a double hexameric
ring helicase that encircles the DNA (Sanders and Stenlund, 1998; Schuck and Stenlund,
2005; Sedman and Stenlund, 1998; Titolo et al, 2000). E1 has the ability to bind DNA both
specifically and non-specifically via two different DNA binding regions. Site-specific DNA
binding is provided by the DNA binding domain (DBD) (Chen and Stenlund, 1998; Sarafi
and McBride, 1995), which recognizes and binds to two pairs of E1 binding sites (E1 BS) in
the replication origin. The helicase domain also bind DNA, but with low sequence
specificity. This activity is required for the ability of the E1 helicase domain to contact the
DNA sequences flanking the E1 BS, including a region that has been termed the A/T-rich
region (Schuck and Stenlund, 2006). In the initial binding complex, the interaction of the E2
protein with the helicase domain masks this non-specific DNA binding function, but when
E2 is disassociated, the non-specific DNA binding region is available to interact with DNA
(Stenlund, 2003). An X-ray crystal structure of the BPV-1 E1 helicase, bound to DNA, has
shown that single-stranded DNA is threaded through the hexamer channel and so the
replication origin must be melted as E1 converts from a dimer to a double hexamer
(Enemark and Joshua-Tor, 2006).
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Compared to most known cellular helicases, virally encoded helicase proteins such as E1
and SV40 T antigen are unique in their ability to cause melting, as well as unwinding, of the
DNA helix. For E1, a beta hairpin (also found in T antigen) pries apart the DNA strands to
melt the helix (Castella et al, 2006; Liu et al, 2007). When the double hexamer has formed,
each subunit of the helicase domain projects its beta hairpin into the channel of the helicase
in a right-handed staircase pattern. Each hairpin contacts adjacent nucleotides of single
stranded DNA in a sequential pattern and ATP hydrolysis and ADP release causes the
helicase to move along these nucleotides in what has been termed a coordinated escort
mechanism (Enemark and Joshua-Tor, 2006). Each of the hexamers translocates
bidirectionally with a 3' to 5' polarity to unwind the origin. The oligomerization domain
provides a rigid collar around the DNA to help stabilize the interactions between the
helicase domains (Enemark and Joshua-Tor, 2006). The structure of the E1 DNA binding
domain and the hexameric helicase are shown in Figure 5D and 5E, respectively.

The N-terminal domain of E1 is only required for replication in vivo (Ferran and McBride,
1998; Sun et al, 1998) and likely plays a role in regulating intracellular localization. The E1
protein shuttles from the nucleus to the cytoplasm and the N-terminal domain contains both
nuclear import and export signals that are regulated by cyclin A/E-Cdk2 (Deng et al, 2004;
Hsu et al, 2007; Lentz et al, 1993; Ma et al, 1999). A conserved caspase cleavage site
located between residues 46 and 49 in this domain is also important for vegetative DNA
replication (Moody et al, 2007) (see below).

In addition to origin recognition, melting and unwinding, E1 recruits and interacts with
many cellular replication factors. Viral DNA synthesis requires replication protein A (RPA)
to stabilize single stranded DNA, topoisomerase I to relieve tortional stress, and the host
DNA polymerase α primase to prime replication (Clower et al, 2006; Conger et al, 1999;
Han et al, 1999; Kuo et al, 1994; Loo and Melendy, 2004; Masterson et al, 1998; Melendy et
al, 1995; Muller et al, 1994). Also recruited are Proliferating Cell Nuclear Antigen (PCNA),
Replication Factor C (RFC) and Polymerase δ (Kuo et al, 1994).

B. The E2 Loading Factor
The papillomavirus E2 proteins regulate transcription, as well as being required for viral
DNA replication. The E2 gene encodes multiple proteins that are the result of expression
from different promoters and/or alternative RNA splicing. The full-length E2 protein is a
polypeptide of between 350 and 500 amino acids in length, and is often referred to as E2-TA
or E2 transactivator. E2-TA regulates the activity of viral promoters by binding to multiple
12bp palindromic sequences in E2-specific enhancers within the LCR. As shown in Figure
3A, E2 consists of two conserved domains; a 200 amino acid N-terminal domain, which is
important for transcriptional activation and repression, interaction with the E1 protein, as
well as many cellular factors, and a C-terminal domain of approximately 100 amino acids
that has sequence-specific DNA binding and dimerization properties (reviewed in (McBride
and Myers, 1997). The region between these domains varies in sequence and in length and is
not well conserved among different genera of viruses. However, within each papillomavirus
genus, the E2 hinge region contains auxiliary elements that are only conserved among
related viruses. For example, there are elements important for regulated E2 degradation in
BPV-1 E2 (Penrose and McBride, 2000), for nuclear localization in HPV-11 E2 (Lai et al,
1999; Zou et al, 2000), and for mitotic chromosome binding (Poddar et al, 2008) and
transcriptional regulation in HPV-8 E2 (Steger et al, 2002).

The DNA binding domain of the E2 proteins forms a dimeric beta-barrel structure that
positions two alpha recognition helices to contact the consensus binding site (Hegde et al,
1992). A crystal structure of the BPV-1 E2 DNA binding domain is shown in Figure 5B.
The consensus binding site motif with the highest affinity has the sequence ACCGN4CGGT,
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with a preference for AT nucleotides in the center for many HPVs (Androphy et al, 1987;
Bedrosian and Bastia, 1990; Li et al, 1989). The E2 protein also binds to the motif
ACCN6GGT and binding to sites AACN6GGT, ACCN6GTT and ACAN5CGGT has also
been observed (Li et al, 1989; Newhouse and Silverstein, 2001). Some viruses contain few
consensus E2 sites (the genital HPVs have four conserved sites) and others contain many
more (the BPV-1 genome has 17 binding sites). These sites are important for viral
transcriptional regulation, initiation of replication and for viral genome partitioning and
maintenance. Figure 6 shows the position of E2 binding sites in the LCR of several different
papillomaviruses.

The E2-TA protein recruits many basic cellular transcription factors and coactivators to
activate viral transcription. E2 also represses transcription from viral promoters when the E2
binding sites overlap essential promoter elements, such as the TATA box or Sp1 binding
sites (Bernard et al, 1989; Cripe et al, 1987; Thierry and Yaniv, 1987). However, repression
also requires a function of the transactivation domain in addition to DNA binding
(Dowhanick et al, 1995; Goodwin et al, 1998; Soeda et al, 2006; Thierry and Yaniv, 1987).

The transactivation domain of the E2 proteins is also well characterized and forms a cashew
shaped structure consisting of a bundle of three alpha helices in the N-terminal half linked to
a beta sheet region in the C-terminal half by a region that has been termed the fulcrum
(Antson et al, 2000). The structure of the E2 transactivation domain in complex with the
helicase domain of E1 has also been solved (Abbate et al, 2004). Representative structures
are shown in Figure 5. The regions of the transactivation domain required for transcriptional
regulation and replication are well defined and separated (Abroi et al, 1996; Brokaw et al,
1996; Sakai et al, 1996). For example, E2 residues arginine 37 and isoleucine 73, located on
the face of two adjacent helices in the N-terminal portion of the transactivation domain, are
important for transcriptional regulation (Antson et al, 2000) whereas glutamate at position
39 on the opposite side of the domain is key for interaction with arginine 454 in the helicase
domain of E1 (Abbate et al, 2004).

The E2 transactivation domain has also been implicated in self-interaction and looping of
DNA containing E2 binding sites and looped E2-DNA structures have been observed by
electron microscopy for BPV-1, HPV-16 and HPV-11 E2 proteins (Antson et al, 2000;
Hernandez-Ramon et al, 2008; Knight et al, 1991; Sim et al, 2008). However, the precise
interaction between N-terminal domains of different E2 proteins, at least in the observed
crystal structures, is not consistent. In the X-ray crystal structure of the HPV16 E2
transactivation domain, intermolecular interactions were observed between residues arginine
37 and isoleucine 73, which are crucial for the transcriptional activation function (Antson et
al, 2000). In contrast, a crystal structure of the BPV-1 N-terminal domain revealed a
disulphide bond between cysteine residues 57, which interfered with the E1 interaction face
of the domain (Sanders et al, 2007). A different monomer-monomer interface was also
observed in the protein crystal lattice obtained for the HPV-11 E2 protein (Wang et al,
2004). Thus, self-interaction of the transactivation domains may be important for E2
function, but the interactions observed in X-ray structures could also be the result of non-
specific crystal packaging interfaces (Janin et al, 2007).

Several E2 functions are important for initiation of viral DNA replication. As described
above, E2 helps load the E1 helicase by co-operatively binding to adjacent binding motifs in
the origin and by increasing the specificity of E1 DNA binding by masking its non-specific
binding activity (Stenlund, 2003). E2 also enhances replication by alleviating repression by
nucleosomes to allow the E1/E2 complex to bind to the origin (Li and Botchan, 1994).
Furthermore, E2 interacts with RPA, a single-stranded binding protein required for DNA
replication (Li and Botchan, 1993) and with Replication Factor C, RF/C (Wu et al, 2006).

McBride Page 6

Adv Virus Res. Author manuscript; available in PMC 2011 August 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



C. The replication Origin
The papillomavirus replication origin contains an E1 binding site, several E2 binding sites
and an A/T rich region (Mohr et al, 1990; Ustav et al, 1993; Ustav et al, 1991). The E1
binding sites consists of an 18bp palindrome that contains multiple overlapping recognition
sequences for the E1 protein (Chen and Stenlund, 2001; Holt et al, 1994; Titolo et al, 2003).
E1 is a monomer in solution but binds to the origin as a dimer, along with a dimer of the E2
protein. The E1 binding sites consist of overlapping hexanucleotide sequences with a
consensus ATTGTT, which are separated by three nucleotides from the adjacent half of the
palindrome (Auster and Joshua-Tor, 2004). The sequence is not highly conserved but, in
most cases, the thymidines at position 2 and 5 are invariant. The sequences of a series of E1
binding sites are shown in Figure 7.

For most papillomaviruses, at least one E2 binding site is required for transient replication
and additional sites greatly stimulate replication (Akgul et al, 2003; Chiang et al, 1992; Lee
et al, 1997; McShan and Wilson, 1997b; Remm et al, 1992; Russell and Botchan, 1995; Sun
et al, 1996). In some cases, the E1 binding site is dispensable and two E2 binding sites can
suffice (Lu et al, 1995; Sverdrup and Khan, 1995). Presumably, in the latter case the E2
protein can load the E1 helicase efficiently enough in the absence of specific E1 binding. It
has also been shown that, at high levels, the E1 protein can support replication in the
absence of the E2 protein (Gopalakrishnan and Khan, 1995). Again, presumably at higher
concentrations the E1 protein is less dependent on E2 for loading. Although these studies
provide insight into the mechanisms of viral replication, it is almost certain that in the actual
viral life cycle initiation of DNA replication in the initial amplification stage requires both
the E1 and E2 proteins, and their cognate binding sites. HPV-11 E2 can be observed as a
large disk/ring-shaped protein particle bound to the three E2 sites adjacent to the HPV-11
origin. Inclusion of the fourth, upstream E2 site results in DNA molecules containing loops
from this site to the promoter proximal sites (Sim et al, 2008).

D. Regulation of Replication Initiation
There are many ways in which papillomavirus replication can be regulated. The mechanisms
described in this section could regulate initiation of DNA synthesis in the establishment
phase but may also affect maintenance replication and vegetative viral DNA amplification.
Additional regulatory mechanisms that are more likely to be specific for the latter modes are
described later in the article.

After initial infection, the papillomavirus DNA is delivered to the nucleus in complex with
the L2 minor capsid protein (Day et al, 2004) and, similar to many other viruses, localizes
adjacent to the PML nuclear domains. L2 also recruits E2 to these domains (Day et al, 1998)
and presumably this site is a privileged site for viral DNA replication. Transient replication
studies with HPV-11, show that the E1 and E2 proteins accumulate in replication foci that
are often associated with PML nuclear domains (Swindle et al, 1999). E1 localization is also
regulated by sumoylation (Rangasamy and Wilson, 2000), which may regulate intranuclear
localization (Rangasamy et al, 2000) and E1 access to the nuclear replication domains.
Although not well understood, it is likely that localization to the subnuclear sites of viral
replication is tightly regulated.

The E1 proteins are extensively regulated by posttranslational modifications and at least ten
phosphorylation sites have been identified in the BPV-1 E1 protein (Lentz et al, 2006). It
appears that many of these phosphorylation events regulate nucleocytoplasmic shuttling of
the E1 proteins. The N-terminal domain of the E1 protein contains both a bipartite nuclear
localization signal (NLS) (Lentz et al, 1993) and a nuclear export signal (NES) (Rosas-
Acosta and Wilson, 2008) and localization appears to be regulated by phosphorylation (Bian
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et al, 2007; Deng et al, 2004; Hsu et al, 2007; Yu et al, 2007a). The cell cycle kinases that
modify the cellular MCM helicase complex, cyclin E/cdk2 and cyclin A/cdk2, also
phosphorylate the E1 proteins from several papillomaviruses (Cueille et al, 1998; Lin et al,
2000; Ma et al, 1999). The E1 proteins are also modified by CK2 (Lentz, 2002; McShan and
Wilson, 1997a), mitogen-activated protein kinases (Yu et al, 2007a), protein kinases A and
C (Zanardi et al, 1997) and p34cdc2 (Lentz et al, 1993).

Initiation of replication in the establishment phase is dependent on the levels of the E1 and
E2 proteins. Levels of both proteins can be regulated at the transcriptional and translational
levels, but there is strong evidence that turnover of both proteins is tightly regulated. The
BPV-1 E1 protein is quite short-lived and is a target of the ubiquitin ligase APC (Mechali et
al, 2004). However, when it is bound to cyclin E-cyclin-dependent kinase 2 (Cdk2) before
the start of DNA synthesis, E1 becomes resistant to ubiquitin-mediated degradation. Thus,
APC controls the levels of E1, and this might be important to limit the level of
amplificational replication and/or to maintain a constant low copy number of the viral
genome during the maintenance phase of replication. The half-life of the E2 protein is also
regulated by CK2 phosphorylation (Penrose et al, 2004), which in turn regulates the levels
of replication and genome copy number. The mechanism will be described in more detail
below.

Both the E1 and E2 open reading frames encode truncated products that can potentially
negatively regulate replication. For example, some papillomaviruses encode a truncated E1
protein, designated E1-M or E1 modulator, which consists of the N-terminal domain of the
E1 protein (Lusky and Botchan, 1986; Rotenberg et al, 1989). However, although earlier
studies indicated that the BPV-1 E1-M protein might modulate maintenance replication
(Berg et al, 1986), subsequent studies showed that it was non-essential (Hubert and Lambert,
1993). Most papillomaviruses also encode truncated E2 protein products. For example,
BPV-1 encodes two E2 “repressor” proteins. One, E2-TR, is expressed from an internal
promoter and initiation codon (Lambert et al, 1987) and the other is encoded by a spliced
message that fuses 11 amino acids from the E8 open reading frame to the C-terminal domain
of E2 (Choe et al, 1989; Lambert et al, 1990). All E2 proteins contain the DNA binding and
dimerization domain and so the shorter forms of the protein can antagonize the activities of
the E2-TA protein, either by competing for binding to the DNA sites or by forming
heterodimers (Barsoum et al, 1992; Lambert et al, 1987; Lim et al, 1998). Similar truncated
E2 proteins that can regulate both transient amplification replication and stable episomal
maintenance are encoded by the HPVs. For example, an E1M^E2C protein encoded by
HPV-11 (Chiang et al, 1992), an HPV-31 E8^E2C protein (Stubenrauch et al, 2000) and a
CRPV E9^E2C protein (Jeckel et al, 2003) all regulate replication of their respective
viruses. The HPV-31 E8^E2 protein has been studied in some detail and it seems that the E8
residues contribute specifically to this function and it is not simply due to direct interference
with E2 DNA binding domain functions (Zobel et al, 2003). Of note is the fact that the
BPV1 E2 binding sites adjacent to the origin have relatively weak affinity for the E2 protein
compared to other sites (Li et al, 1989) and binding is only efficient in the presence of the
E1 protein (Sarafi and McBride, 1995). Since the E2 transactivation domain is required for
efficient co-operative binding with E1 (Winokur and McBride, 1996), this would preclude
binding of the shorter E2-TR proteins to these sites. This mechanism could allow the E2
repressor proteins to regulate E2-TA binding at other sites (e.g. for transcription) without
interfering with replication.

Papillomavirus replication is also regulated by the p53 protein. P53 inhibits transient
amplificational replication of BPV-1 and HPV-11 but does not affect stable maintenance
replication (Ilves et al, 2003). An intact DNA-binding and oligomerization domain of p53 is
necessary for repression, while the N-terminal transcription activation and C-terminal
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regulatory domains are dispensible (Ilves et al, 2003). Replication inhibition can be
mediated by direct binding of p53 to the HPV16 E2 protein (Brown et al, 2008)or, as in the
case of HPV-8, by competitively binding to a p53 site adjacent to the origin which overlaps
an E2 site (Akgul et al, 2003). This inhibition may be important to limit the amount of
replication in the newly infected basal cells. The papillomavirus E6 proteins bind, and in
some cases degrade, the p53 protein. In turn, the E2 protein modulates transcriptional
expression of the E6/E7 genes. These components could form a regulatory loop to balance
and limit replication (Ilves et al, 2003).

Papillomavirus replication is also regulated by cellular factors such as the TATA-binding
protein (TBP), Yin-yang 1 (YY1) and the CCAAT displacement protein (CDP). TBP
prevents formation of the HPV 11 E1-E2 complex at the origin of replication by
antagonizing E2 binding to the origin (Hartley and Alexander, 2002) and YY1 can inhibit
replication by sequestering the E2 protein (Lee et al, 1998; O'Connor et al, 1996). CDP
represses transcription and replication of several papillomaviruses (Narahari et al, 2006;
O'Connor et al, 2000; Pattison et al, 1997) by binding to a site that overlaps the E1 binding
site in the replication origin of many papillomaviruses. Binding of the E2 proteins to the
origin region helps to relieve repression by displacing CDP (Narahari et al, 2006). Since
CDP is expressed in undifferentiated but not in differentiated cells (Ai et al, 1999),
keratinocyte differentiation would alleviate repression repression and permit vegetative
genome amplification. Clearly there is much interplay between regulation of transcription
and replication in the early stages of the papillomavirus life cycle. Cellular proteins inhibit
replication both directly and indirectly by modulating expression of the E1 and E2
replication proteins. In many cases, the viral E6 and E7 proteins are equipped to counteract
the effects of these cellular repressors and the E2 protein itself can alleviate repression. At a
certain level, the E2 protein downregulates E6 and E7 expression and so all of these
processes can reach equilibrium.

III Maintenance Replication
After the initial amplification step, the viral genome must be maintained in the dividing
basal cells to sustain a persistent infection. The genomes can be maintained indefinitely at a
constant copy number as extrachromosomal elements. The genomes are very difficult to
detect by in situ techniques in the basal cells of a papilloma and thus there are estimated to
be less than twenty copies per cell (Evans et al, 2003). A few cell lines that have been
isolated from clinical lesions also maintain the viral genome extrachromosomally (Bedell et
al, 1991; Stanley et al, 1989), as do keratinocytes transfected with the viral genome (Flores
et al, 1999; Frattini et al, 1996; Meyers et al, 1997). The genome replicates in these cells in
culture at about 50 to 200 copies per cell.

As described above, initiation of viral DNA replication requires the E1 and E2 proteins and
the origin of replication. However, plasmids containing the minimal origin will only
replicate transiently and the replicated DNA is lost with time. Long-term, stable replication
of BPV-1 requires multiple E2 DNA binding sites in cis to the origin (Piirsoo et al, 1996).
This observation was pivotal in identifying that the E2 protein had a separate function in
viral genome maintenance. It was subsequently shown that E2 partitions and maintains the
viral genomes by attaching them to mitotic chromosomes (Ilves et al, 1999; Skiadopoulos
and McBride, 1998). A model of E2-mediated viral genome partitioning is shown in Figures
8A and 8B.

It can be argued that a specific viral genome partitioning mechanism is not required when
there are sufficient copies of the viral genome. In this scenario, each daughter cell is likely
to randomly contain at least one genome, which can be amplified to a level established by a
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copy number control mechanism. However, compared to cell lines, the viral genome copy
number in the basal cells of papillomas is virtually undetectable (Evans et al, 2003).
Furthermore, it has been shown that the E2 protein tethers the viral genomes to mitotic
chromosomes. This ensures that the viral genomes are partitioned to daughter cells in
approximately equal numbers and guarantees that they are retained in the nucleus after cell
division. Furthermore, this strategy of faithfully maintaining and partitioning viral genomes
by tethering them to host mitotic chromosomes using a viral DNA binding protein is
common to many persistent DNA viruses (McBride et al, 2006).

A. Role of the E1 Protein in Maintenance Replication
In general, it has been assumed that initiation of replication of the viral DNA in the
maintenance phase occurs in an E1 and E2-dependent manner, similar to that described for
the establishment phase of replication. However, it is also feasible that viral DNA synthesis
could be initiated by cellular proteins in the maintenance phase and that viral functions are
only required for retention and partitioning of the viral genomes. Evidence that E1 might not
be required for maintenance replication comes from a study with a BPV-1 genome encoding
a temperature sensitive E1 protein (Kim and Lambert, 2002). It was observed that while the
E1 function was required for establishment of the genomes, they could be maintained as
extrachromosomal elements at the non-permissive temperature, thus, indicating that E1 was
not absolutely required. Other evidence that the modes of replication initiation might be
different comes from the observation that p53 can inhibit amplificational replication but
does not seem to repress stable episomal maintenance (Ilves et al, 2003). In general, the
requirements for initiation of replication may be less stringent than previously presumed as
recent studies have revealed that cellular origins may be a passive result of local chromatin
structure rather than well defined sequence elements (Gilbert, 2004).

B. The E2 Tethering Protein
The first clue to the precise role of E2 in genome partitioning was the observation that both
the BPV-1 E2 protein and the viral genomes are observed as small speckles over the arms of
all mitotic chromosomes (Skiadopoulos and McBride, 1998; Zheng et al, 2005). Further
analysis showed that E2 binds mitotic chromosomes through protein-protein interactions
mediated by the transactivation domain. The DNA binding domain binds to multiple E2
binding sites in the viral genome (in the MME) and tethers it to the condensed chromosomes
(Bastien and McBride, 2000; Ilves et al, 1999). In cells expressing E2, plasmids containing
at least eight E2 binding sites are maintained and segregated and are observed bound to
mitotic chromosomes (Ilves et al, 1999; Piirsoo et al, 1996). Examples of the the pattern of
mitotic chromosome binding of different E2 proteins are shown in Figure 8.

C. Genome Partitioning in Different Papillomaviruses
It was initially assumed that all papillomaviruses would maintain their genomes using a
conserved mechanism similar to BPV-1. However, characterization of E2 tethering in other
papillomaviruses has revealed that, although most E2 proteins associate with mitotic
chromosomes, the E2 chromosomal target varies for different papillomaviruses. A study of
the mitotic chromosomal binding pattern of E2 proteins from thirteen different
papillomaviruses showed that most E2 proteins, from very different genera and host species,
were found bound to cellular mitotic chromosomes. However, the binding pattern varied
among different E2 proteins (Oliveira et al, 2006). For example, BPV-1 E2 is detected in
many small speckles over the arms of all chromosomes but HPV-8 E2 binds primarily to the
peri-centromeric region of a subset of chromosomes. The binding target of the alpha-
papillomaviruses, which infect the mucosal epithelia and include the cancer associated
“high-risk” HPVs, has been more controversial. Using conditions similar to those used for
the BPV-1 studies, the alpha papillomaviruses E2 proteins are only found in association with
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mitotic chromosomes in early (prophase) and late (telophase) stages of mitosis (Donaldson
et al, 2007; Gammoh et al, 2006; Oliveira et al, 2006). In theory, the association of the E2
protein/viral genome complex with telophase chromatin would be sufficient to ensure that
the genomes are partitioned and maintained in the nucleus. However, under certain fixation
conditions, the alpha E2 proteins are observed in a pericentromeric pattern on metaphase
chromosomes (Oliveira et al, 2006) and so may have a target similar to that of the beta-
papillomaviruses (as exemplified by HPV-8 E2). The E2 proteins of the alpha-
papillomaviruses may need a specialized cellular environment or additional cellular or viral
factors to stabilize their association with mitotic chromosomes. Notably, stable
extrachromosomal genome replication of these viruses also requires E6 and E7 gene
functions (Park and Androphy, 2002; Thomas et al, 1999). Unfortunately, the E2 proteins
are very difficult to detect when expressed from replicating viral genomes and so it is still
not clear whether the localization observed reflects the mechanism of genome partitioning
used by these viruses.

A different study of the alpha-papillomavirus HPV11 E2 protein demonstrated that both the
N-terminal and C-terminal E2 domains, when fused to GFP, could independently associate
with the mitotic spindle rather than the chromosomes (Van Tine et al, 2004). This
localization was found to be dynamic, similar to many cellular chromosomal passenger
proteins, and by late stages of mitosis the C-terminal domain of E2 was observed associated
with the central spindle microtubules and by cytokinesis was located in the midbody (Dao et
al, 2006). A similar study reports the colocalization of a small percentage of the BPV-1 E2
protein with the central spindle microtubules, in complex with the mitotic kinesin-like
protein, MKlp (Yu et al, 2007b). Whether this microtubule localization of E2 is involved in
genome partitioning remains to be determined as genomes tethered to E2 through this
interaction would ultimately be stranded in the cytoplasm of cells.

D. Other Viral Tethering Proteins
Remarkably, the strategy of maintaining and partitioning extrachromosomal viral genomes
by tethering them to cellular chromosomes is a common strategy among diverse DNA
viruses that cause persistent infection. This has been shown for the gamma herpesviruses
Epstein-Barr virus (EBV), Kaposi's sarcoma associated Herpesvirus (KSHV), Herpesvirus
saimiri (HVS) and murine gamma herpesvirus-68 (MHV-68). Each virus encodes a DNA
binding protein that binds specifically to repeated sites in the viral DNA and tethers the
genome to the cellular mitotic chromosomes. The best studied of these herpesvirus tethering
proteins are EBNA-1 and LANA, from EBV and KHSV, respectively. It has been proposed
that EBNA-1 interacts with mitotic chromosomes in two different ways. The nucleolar
proliferation antigen, p40, otherwise known as EBP2, is the major chromosomal protein
target for EBNA-1 (Wu et al, 2000). However, the regions of EBNA-1 that bind mitotic
chromosomes have also been proposed to be AT hooks that directly interact with the cellular
DNA (Sears et al, 2004). LANA interacts with a number of different mitotic chromosome
binding proteins such as histone H1, DEK, Methyl CpG binding protein, Brd2, Brd4 and a
H2A/H2B histone dimer (Barbera et al, 2006; Cotter and Robertson, 1999; Krithivas et al,
2002; Platt et al, 1999; You et al, 2006). These targets are summarized in Table 1.

The EBNA-1 and LANA tethering proteins have many features in common with E2. In
addition to genome tethering, each protein regulates viral transcription and is involved in
initiation of viral DNA replication (although the herpesviruses have no E1 counterpart and
use cellular proteins to initiate replication). Despite having no sequence homology, the DNA
binding domains of E2 and EBNA (Bochkarev et al, 1995) and the putative structure of
LANA (Grundhoff and Ganem, 2003) form similar dimeric anti-parallel beta-barrel DNA
binding structures.
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E. The Role of Cis Elements in Genome Partitioning
The LCR of BPV-1 contains 11 E2 binding sites (Li et al, 1989); at least eight of which are
required for genome maintenance and have been mapped to an element designated the
Minichromosome Maintenance Element or MME (Piirsoo et al, 1996). Four E2 sites are
sufficient for E2-mediated plasmid maintenance in yeast (Brannon et al, 2005). However,
yeast undergoes a “closed mitosis” in which the nuclear membrane does not break down and
this might result in less stringent requirements for plasmid maintenance. The herpesvirus
tethering proteins, EBNA-1 and LANA, also bind to large numbers of tandem binding sites
in their respective viral genomes to link them to the host chromosomes.

Most other papillomaviruses contain only four consensus E2 binding sites and it is not yet
clear whether this would be sufficient for stable genome maintenance using a mechanism
similar to BPV-1. Fewer sites may suffice if these viruses use different chromosomal targets
and mechanisms to partition their genomes. But these genomes may also contain additional
elements that bind cellular or viral proteins and stabilize the tethering complex. It is likely
that for many of the papillomaviruses, the E2 binding sites will not be sufficient for stable
genome maintenance. One potential candidate cis elements is a Matrix attachment region
(MAR). These DNA sequences anchor chromatin fibers to the nuclear matrix and generate
transcriptionally active domains. MARs have been mapped in papillomavirus genomes in
vitro (Tan et al, 1998). There is also precedent that these elements could be important for
viral genome maintenance; plasmids containing cellular MAR elements are stably
maintained in cells over many cell generations by attachment to cellular mitotic
chromosomes (Baiker et al, 2000) via an interaction with the scaffold attachment protein
SAF-A (Jenke et al, 2002).

Several studies have shown that sub-genomic fragments of HPV DNA can replicate
autonomously in yeast in an E1 and E2 independent manner (see Section V.D. below). A
recent study has shown that similar multiple sub-genomic fragments of HPV16 DNA can
also replicate and/or persist in mammalian cells, in the absence of E1 and E2, further
implicating the role of cellular factors in binding to viral cis elements (Pittayakhajortwut and
Angeletti, 2008). Sequences such as MAR elements, HMG, Topoisomerase II, Telomere-
repeat binding factor and CENP-B binding sites have been identified in the HPV16 genome
and could be potential candidates for binding to cellular genome maintenance factors
(Pittayakhajortwut and Angeletti, 2008).

Another potential mechanism of regulation is methylation of the E2 binding sites. E2 is
unable to bind to its consensus sequence when it contains a methylated CpG dinucleotide
(Kim et al, 2003; Thain et al, 1996). In replicating cells maintaining the HPV16 gemone as
an episome, the E2 binding sites, especially binding site 2, were often methylated. In
contrast, in differentiated cells the genomes become hypomethylated (Kim et al, 2003). This
may also indicate that the E2 binding sites are not crucial for genome maintenance.

One of the difficulties in designing a papillomavirus segregation assay is the multifunctional
nature of the E2 protein. Because E2 is also important for replication initiation and
transcriptional activation, it is necessary to separate these functions to study the role of E2 in
genome maintenance. Analysis of the roles of individual E2 binding sites on long-term
replication of the viral genome is difficult because the sites are also required for replication
initiation and for transcriptional regulation of the virus, including regulation of expression of
the E1 and E2 proteins themselves. In HPV31, mutation of each E2 site, except BS2,
resulted in integration of the viral genome (Stubenrauch et al, 1998b). To date, the only
successful partitioning assay is for BPV1 (Abroi et al, 2004).
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F. Papillomavirus Chromosomal Tethering Targets
Disruption of the chromosomal interaction of the papillomavirus E2/genome tethering
complex could have great therapeutic potential and so an important goal has been to identify
and characterize the cellular chromosomal targets that mediate viral genome segregation.
Table 1 lists chromosomal targets for a range of papillomavirus E2 proteins as well as
proposed targets for other viral tethering proteins.

1. Brd4—The best characterized chromosomal target, to date, is the cellular protein, Brd4.
Brd4 is a major component of the tethering complex of BPV-1, and probably a subset of
other papillomaviruses (Baxter et al, 2005; McPhillips et al, 2006; You et al, 2004). Brd4 is
a double bromodomain protein that binds to acetylated histone tails of histones H3 and H4
and, in many cell types, remains bound to chromatin through mitosis (Dey et al, 2003). Brd4
is a member of the BET family of double bromodomain proteins (Florence and Faller, 2001)
that “read” the histone code by binding to acetylated residues. Brd4 has been isolated in
complex with the replication factor, RFC (Maruyama et al, 2002) and as part of the mouse
transcriptional Mediator complex (Jiang et al, 1998). It is also a component of P-TEFb (Jang
et al, 2005) and stimulates RNA polymerase II-dependent transcriptional elongation.

In many cells, Brd4 is detected as a diffuse coat around mitotic chromosomes and it has
been hypothesized to play a role in epigenetic memory (Dey et al, 2003). In the presence of
the BPV-1 E2 protein, both E2 and Brd4 colocalize on mitotic chromosomes in punctuate
spots (McPhillips et al, 2005) and analysis of mutated E2 proteins shows that the mitotic
chromosome binding activity of E2 correlates strongly with Brd4 interaction (Baxter et al,
2005). Two highly conserved residues in the transactivation domain, R37 and I73,
previously shown to be crucial for transcriptional activation, are critical for Brd4 binding in
all E2 proteins tested (Baxter et al, 2005; McPhillips et al, 2006; Senechal et al, 2007). In
fact, interaction of E2 with Brd4 is also crucial for E2-mediated transcriptional regulation in
all E2 proteins analyzed (Ilves et al, 2006; McPhillips et al, 2006; Schweiger et al, 2006; Wu
et al, 2006).

The dimerization of E2 through the E2 C-terminal DNA binding domain promotes efficient
binding of E2 to Brd4 and to mitotic chromosomes (Cardenas-Mora et al, 2008).
Furthermore, novel E2 “single chain heterodimer” proteins containing one transactivation
domain linked to a dimeric DNA binding domain binds Brd4 much less efficiently than the
wildtype E2 protein (Kurg et al, 2006). In support of this, an E2-Brd4 heterotetramer, with
two Brd4 peptides sandwiched between two E2 N-terminal domains, was recently observed
in a crystallographic structure of the HPV16 E2 transactivation domain in complex with a C-
terminal 20 amino acid peptide from Brd4 (Abbate et al, 2006). Dimerization of the E2
protein through the C-terminal domain would greatly stabilize such a complex. Cooperative
binding of E2 and Brd4 into higher order complexes could explain why the Brd4-E2
complex is observed as punctuate speckles on mitotic chromosomes (McPhillips et al,
2005), whereas in the absence of E2 it forms a diffuse coating (Dey et al, 2000).

When exogenously expressed, the C-terminal E2 binding region of Brd4 interferes with the
E2-Brd4 interaction, the association of E2 and viral genomes with mitotic chromosomes,
BPV-1-induced cellular transformation and viral genome maintenance (You et al, 2004; You
et al, 2005). E2 is unable to maintain plasmids containing E2 binding sites in
Saccharomyces cerevisiae but this function can be reconstituted with Brd4 expression
(Brannon et al, 2005). Thus, the E2-Brd4 association is pivotal to BPV-1 maintenance
replication. However, while Brd4 is clearly an important component of the tethering
complex for several papillomaviruses, it is not clear that it is the key link between the E2/
genome complex and the cellular chromosomes. Brd4 is not a stable tether, interacting only
with histones that are acetylated (Dey et al, 2003) and most of which become deacetylated
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during mitosis (Kruhlak et al, 2001). Perhaps because of this, the interaction of E2 and Brd4
is not passive and E2 actively stabilizes the interaction of Brd4 with chromatin and
redistributes it into punctate dots on the mitotic chromosomes (McPhillips et al, 2005).
Thus, the E2/genome complex does not passively hitchhike on mitotic chromosomes but
instead modifies and stabilizes the Brd4-chromatin interaction to ensure the stable
transmission of the viral genome. It has also not been conclusively shown that disruption of
the E2-Brd4 interaction directly impacts viral genome maintenance in mammalian cells.
Inhibition of the E2-Brd4 interaction by either downregulation of Brd4 by siRNA, or by
expression of the dominant negative CTD of Brd4 results in loss of viral genomes, but it is
not clear whether this is due to inhibition of the transcriptional function of E2, which also
requires Brd4, or whether it is due to a direct inhibition of chromosomal tethering
(Schweiger et al, 2006; You et al, 2004; You et al, 2005). A peptide from Brd4,
corresponding to the E2 interacting region, was also able to displace HPV16 genomes from
mitotic chromosomes (Abbate 2006), but it has yet to be shown that alpha HPV16 E2
protein binds to mitotic chromosomes in a similar pattern.

Brd4 is clearly an important part of the BPV-1 E2 tethering complex but it does not seem to
be involved in genome tethering of all papillomaviruses (McPhillips et al, 2006). The E2
proteins of some viruses (EEPV, ROPV, HPV-1a) show complete colocalization of E2 and
Brd4 on mitotic chromosomes as is seen for BPV1, others some show partial colocalization
and others show none (McPhillips et al, 2006). Furthermore, mutations in E2 that abrogate
Brd4 binding (in R37 and I73 residues) do not affect mitotic chromosomal localization for
E2 proteins from viruses such as HPV8 and HPV31 (McPhillips et al, 2006). Consistent
with these findings, an HPV31 genome containing a mutation in E2 residue 73 (I73L),
which disrupts the interaction of E2 and Brd4 (Senechal et al, 2007), is maintained as a
stable episome and can be amplified in differentiated keratinocytes (Stubenrauch et al,
1998a). In CRPV, however, E2 mutations that abrogate the Brd4 interaction have a
detrimental effect on the induction of tumors (a domestic rabbit model resulting in abortive
infection) suggesting that in CRPV the E2-Brd4 interaction is important for some aspects of
pathogenesis (Jeckel et al, 2002). Notably, the CRPV E2 protein interacts with Brd4 much
more efficiently that the alpha papillomavirus E2 proteins and so may have a more
significant role in the CRPV life cycle (McPhillips et al, 2006). In a different study, HPV11
E2 was observed bound to mitotic microtubules but also did not colocalize with Brd4 (Dao
et al, 2006). Nevertheless, all E2 proteins tested interact with Brd4, albeit with different
binding efficiencies. This is because Brd4 is required for E2-mediated transcription, but not
genome partitioning, of all papillomaviruses.

2. rDNA Loci—Oliveira et al. observed that certain E2 proteins, as exemplified by HPV-8,
associate with the pericentromeric region of mitotic chromosomes rather than being
distributed over the chromosome arms (Oliveira et al, 2006). Further investigation has
shown the peri-centromeric binding target to be the ribosomal RNA gene loci on the short
arms of acrocentric chromosomes (Poddar et al, 2008). This interaction does not require the
Brd4 protein and is an attractive target for chromosomal tethering for several reasons. The
tandemly-arranged repeating rDNA units (400 per diploid cell) greatly increase the local
concentration of theE2 binding target. Also, the rDNA loci have specialized mechanisms for
replication, cohesion, condensation and segregation (D'Amours et al, 2004; Freeman et al,
2000; Kobayashi et al, 1998; Sullivan et al, 2004; Torres-Rosell et al, 2005) and RNA
polymerase I transcription factors remain bound throughout mitosis (McStay, 2006). The
resulting, unique chromatin structure could provide unique targets on the host chromosomes.
Furthermore, the rDNA genes are sequestered in the nucleoli in interphase, which would
leave the E2 protein free to participate in viral transcription and replication until the
nucleolar envelope breaks down in early mitosis. Notably, the cellular target of the Epstein-
Barr virus tethering protein, EBNA-1 is a protein termed p40 nucleolar proliferation antigen,
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or hEBP2, and is involved in pre-RNA processing (Shire et al, 1999). hEBP2 is nucleolar in
interphase (Chatterjee et al, 1987) but is distributed along condensed chromosomes in
mitosis (Wu et al, 2000). The C-terminal domain of the LANA tethering protein of HHV-8
has also been shown to bind to pericentromeric and telomeric regions of certain metaphase
chromosomes (Kelley-Clarke et al, 2007), some of which the authors speculate might be
acrocentric chromosomes. In certain conditions, the E2 proteins from the alpha-genus, are
also observed binding to pericentromeric regions of chromosomes (Oliveira et al, 2006).
Thus, the rDNA loci might be an attractive tethering target for several papillomaviruses.

3. ChLR1—Another cellular protein that is involved in papillomavirus genome partitioning
is ChLR1, a DNA helicase involved in sister chromatid cohesion (Parish et al, 2006). E2
interacts with and colocalizes with ChLR1, but only at early stages of mitosis. Furthermore,
BPV-1 genomes that encode an E2 protein which is unable to interact with ChLR1 are not
maintained extrachromosomally and downregulation of hChLR1 results in viral genome
loss. Therefore, hCHLR1 may be important for loading, but not maintaining, the E2/genome
complex on mitotic chromosomes.

4. Mitotic Spindle—In a different study, several of the alpha-papillomavirus E2 proteins
have been observed to associate with the mitotic spindle (Van Tine et al, 2004). Both the N-
terminal and C-terminal domains of HPV-11 E2 can associate with the microtubules and a
short sequence in the DNA binding domain important for this interaction has been mapped
(Dao et al, 2006). Notably, this region is not well conserved in BPV-1 E2. The E2 proteins
have also been observed to bind to the centrosome (Donaldson et al, 2007; Van Tine et al,
2004). Whether this localization reflects the tethering function of E2, or the site of its
proteasomal degradation, (Fabunmi et al, 2000) remains to be determined.

G. Replication Licensing
Maintenance papillomavirus DNA replication is coupled to that of the host cell and, on
average, each genome is replicated once per cell cycle to give an overall constant copy
number. This copy number could be maintained if replication depends on the availability of
a limiting factor; genomes would replicate randomly and replication would cease when this
factor is exhausted. An alternative scenario is that each genome is licensed and is only
replicated once per cell cycle. Early studies indicated that BPV-1 was subject to replication
licensing in mouse cells (Botchan et al, 1986), but further studies showed that when cells
were isolated after S-phase a portion of the genomes had undergone multiple rounds of
replication indicating a random choice mechanism (Gilbert and Cohen, 1987; Ravnan et al,
1992). A more recent study analyzed the mode of replication of the alpha papillomaviruses,
HPV-16 and HPV-31. However, the results were mixed in that the different genomes
seemed to have different modes of replication and this could change in different cell types
(Hoffmann et al, 2006). One hypothesis is that the mode of replication is actually
determined by the host cell and that lines derived from infection of transit amplifying cells
give rise to random choice viral replication whereas infection of keratinocyte stem cells
results in genomes that undergo replication licensing (Hoffmann et al, 2006). The genomes
of Epstein-Barr virus (EBV) are also maintained as episomes and each genome is replicated
in an ordered once per cell cycle fashion (Yates and Guan, 1991). However, latent EBV
replication is initiated by the cellular ORC and MCM proteins, which are normally licensed
in each cell cycle. Since papillomaviruses encode their own initiator protein, it is less likely
that E1-dependent replication would be subject to licensing.

H. Regulation of Genome Copy Number and Partitioning
It is not well understood how papillomavirus genome copy number is maintained and
regulated. For BPV-1, E2 protein levels correlate with genome copy number and greatly
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increased amounts of E2 protein and viral genomes are observed tethered to the host
chromosomes when the half-life of the E2 protein is increased (Penrose and McBride, 2000;
Skiadopoulos and McBride, 1998). Mutation of a CK2 phosphorylation site in the BPV-1 E2
protein greatly reduces protein degradation by the proteasome and results in a protein with a
much longer half-life and a virus with greatly increased genome copy number (McBride and
Howley, 1991). However, the E2 CK2 phosphorylation site is conserved only among the
delta papillomaviruses, which cause fibropapillomas. Nevertheless, the levels of all E2
proteins are observed to dramatically decrease in mitosis (Bellanger et al, 2001). Since the
E2-genome complex must be tethered to the host chromosomes throughout the length of
mitosis, it is very likely that these processes are tightly regulated during persistent infection.
Expression of the E1 protein of BPV-1 interferes with E2 protein-mediated tethering of the
viral DNA to mitotic chromosomes, introducing yet another level of regulation to
papillomavirus genome partitioning (Voitenleitner and Botchan, 2002).

The truncated E2 repressor proteins can also regulate genome copy number and may be
important to limit runaway replication. BPV-1 containing mutations that eliminate
expression of the E2-TR protein replicate at greatly increased copy number (Lambert et al,
1990; Riese, II et al, 1990). In HPV31, the E8^E2 protein also regulates genome copy
number (Zobel et al, 2003). The E2 repressor proteins contain the DNA binding and
dimerization domain of E2 and could potentially regulate replication either by directly
forming heterodimers with the full-length E2 protein or by competing for binding to sites in
the viral genome (Lim et al, 1998).

IV. Vegetative Replication
The third stage of viral replication is vegetative DNA replication, where viral genomes are
amplified to a high copy number destined to be packaged in the capsids of progeny virions.
Vegetative DNA replication occurs only in the differentiating layers of a papilloma and less
is known about this mode of replication. Vegetative DNA replication will take place in
organotypic raft cultures and in xenografts of mice (McBride et al, 2000; Meyers et al,
1992), but usually requires that genomes are maintained extrachromosomally at earlier
stages of the infection. This makes it difficult to separate the requirements for the three
modes of replication.

By studying replicative intermediates, some studies have reported that there is a switch from
bidirectional theta replication in the maintenance stage to a rolling circle mode in the
vegetative stage (Dasgupta et al, 1992; Flores and Lambert, 1997). The rolling circle
mechanism is an efficient method for generating large amounts of viral DNA; for example,
bacteriophage lambda replicates in a bidirectional theta mode early in infection, and then
switches to the sigma rolling circle mode at late times. This leads to long concatamers of
DNA that are cut into unit genome lengths for packaging (reviewed by (Narajczyk et al,
2007)). Similarly, herpesviruses such as Epstein Barr virus have two modes of replication
and initiation switches from the latent “plasmid” origin (oriP) to the lytic origin (oriLyt) for
vegetative replication (Hammerschmidt and Sugden, 1988). Vegetative replication of EBV
yields intermediates of large head to tail concatemeric molecules, which are subsequently
cleaved and packaged as described for lambda, and it is assumed that they are generated by a
rolling circle mechanism (reviewed in (Tsurumi et al, 2005). However, initiator proteins
involved in rolling circle replication usually have an associated nuclease activity and rolling
circle replication (RCR) motifs (Ilyina and Koonin, 1992). Notably, the Rep initiator protein
of Adeno-Associated virus (AAV), which initiates rolling circle replication, has a DNA
binding domain structure very related to the SV40 T antigen and the papillomavirus E1
protein (Hickman et al, 2004). However, while the RCR motif regions of the latter two
proteins are structurally homologous to the analogous region in Rep, the catalytic RCR
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residues have not been conserved. Therefore, it remains unclear whether papillomaviruses
switch to a different replication mechanism for vegetative replication.

Vegetative replication is triggered in differentiated cells and this may be due to an increase
in the levels of the E1 and E2 replication proteins. Certainly in BPV-1 infected papillomas,
cells undergoing genome amplification contain greatly increased levels of the E2 protein
(Burnett et al, 1990; Penrose and McBride, 2000) and BPV-1 containing cells which
spontaneously amplify the viral genome also contain high levels of E2 (Burnett et al, 1990).
An example of this colocalization is shown in figure 9. To date, immunological detection of
the E1 protein has not been possible but mRNA species that are predicted to express both
the E1 and E2 proteins are induced at this stage of infection in HPV31 (Ozbun and Meyers,
1998). E1 transcripts are expressed from both early and late promoters, but only the early
promoter is repressed by the E2 protein. Therefore, a switch of transcription to the late
promoter would allow E1 to be expressed to high levels that were not possible from
genomes being maintained in the basal cells.

Moody et al. recently demonstrated that HPV infection could specifically activate caspases
upon differentiation and, in turn, the caspases cleaved the E1 protein in the N-terminal
domain at a highly conserved DxxD motif located between residues 46 and 49 (Moody et al,
2007). Mutation of this motif inhibited genome amplification indicating that E1 cleavage
might also be important for regulating vegetative replication.

V Other Aspects of Papillomavirus Replication
A. Establishment of a replication competent environment

For all modes of replication, the papillomaviruses rely on the host replication machinery.
Initial genome amplification and maintenance takes place in the cycling basal cells and so
the virus has available the host DNA replication factors it requires. Nevertheless, the
regulatory activities of the E5, E6 and E7 proteins are likely to enhance replication, both
directly and indirectly. Both the E6 and E7 proteins of HPV-16 and HPV-31 are required for
long term maintenance of the viral genome (Park and Androphy, 2002; Thomas et al, 1999).
E6 and E7 could indirectly enhance replication by promoting cellular proliferation and
division but they could also interfere with inhibitory factors such as TBP, CDP, YY1 and
p53 (Hartley and Alexander, 2002; Ilves et al, 2003; Narahari et al, 2006).

The cell cycle regulatory functions of the E6 and E7 proteins are absolutely required for
vegetative amplification in differentiated cells as these cells would normally have withdrawn
from the cell cycle and the E6 and E7 proteins are required to maintain or induce an pseudo
S-phase like state so that the cellular replication machinery is available. In addition, the
expression of the E1^E4 protein can cause a G2 arrest and so expression of both proteins in
the same cell results in an pseudo S-phase like environment conducive to viral genome
amplification. At high expression levels, which is also observed in cells amplifying the
genome, E2 can also result in G2 arrest (Frattini et al, 1997). This cell cycle arrest could
allow sustained synthesis of viral DNA and be important for vegetative replication.

B. Differences in Replication Strategies of Different Papillomaviruses
Papillomaviruses have coevolved with their hosts over millions of years and individual HPV
types have existed since the evolutionary origin of humans (Bernard et al, 2006). Each virus
is epitheliotropic but infects either mucosal or cutaneous epithelia, usually at a specific site
of the body. Although each virus has a very similar genomic organization and the viral
proteins are relatively well conserved, infection by different papillomaviruses results in a
wide spectrum of pathologies. These can range from clinically inapparent infections,
through a diverse variety of benign papillomas and warts, to a subset of infections that can
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progress to malignant carcinomas. These pathological differences are most likely due to
different viral types, different epithelial host cells and the immune response of the host.
However, in each case the virus has a similar strategy in that it must establish a persistent
infection in the dividing cells of the epithelium and restrict vegetative growth to the more
differentiated cells that are destined to be sloughed from the epithelium. The timing of
productive replication, however, differs among the papillomaviruses. Some, such as the
cutaneous mu viruses, trigger vegetative viral DNA amplification as soon as the host cells
leave the basal layer while others, such as the mucosal alpha viruses, postpone productive
replication until later stages of differentiation (Peh et al, 2002).

Similarly, it is becoming apparent that different papillomaviruses use different chromosomal
targets for partitioning the viral genomes and the chromosome binding pattern of E2 seems
to be characteristic of each evolutionary group. Notably, all E2 proteins studied to date
interact with the Brd4 protein to regulate viral transcription (McPhillips et al, 2006;
Schweiger et al, 2006), but only a subset of viruses also use Brd4 as a chromosomal tether in
mitosis (McPhillips et al, 2006). For regulation of transcription and initiation of DNA
replication, the E2 proteins must interact precisely with many cellular protein complexes
that tightly regulate these processes. For genome partitioning, the E2 protein must simply
tether the viral genome to a stable chromosomal target. This could be a cellular protein, such
as Brd4, which is also used for other E2 functions or could be a completely different target
used only for mitotic partitioning.

C. Comparison of Papillomavirus DNA Replication with Cellular DNA replication and
Replication of Other Viruses

The replicon model first proposed by Jacob and Brenner proposed that replication was
initiated by an initiator protein binding to a genetic element designated the replicator (Jacob
and BRENNER, 1963). In higher eukaryotes, the initiator is actually a complex of proteins
that is assembled on the replicator in a regulated manner. The replicator element is
recognized by ORC, the origin recognition complex, followed by Cdt1 and CDC6, which
function to recruit and load the helicase, MCM. The assembled MCM complex must be
activated by cyclin dependent kinases (reviewed in (Masai et al, 2005). While many viruses
utilize the cellular replication machinery, they also often encode their own initator proteins.
For papillomaviruses, the specific DNA binding domain of E1 is analogous to ORC and the
helicase function is analogous to the cellular helicase MCM. The loading functions of Cdt1
and CDC6 are carried out by the E2 protein.

Other viruses also encode initiator proteins. The large T antigen of SV40 initiates replication
in a very similar manner to E1. Both proteins have limited sequence homology (Mansky et
al, 1997) but extensive structural homology in the helicase and DNA binding domains
(Enemark et al, 2000; Enemark and Joshua-Tor, 2006; Li et al, 2003; Luo et al, 1996;
Meinke et al, 2006; Meinke et al, 2007). However, SV40 has no counterpart to E2 and the
double hexameric helicase of T antigen assembles onto the replication origin in the absence
of a cellular or viral loading factor (Borowiec et al, 1990). In permissive cells, SV40 is a
lytic virus that undergoes runaway replication and does not establish its genome as a
persistent episome. Therefore, the role of E2 in papillomavirus regulation may be to regulate
runaway replication as well as to maintain and segregate the viral genome.

Another virus, Epstein-Barr virus (EBV), establishes long-term persistent infections similar
to the papillomaviruses. EBV replicates in synchrony with the cellular DNA and does not
encode a viral helicase initiator protein (Kirchmaier and Sugden, 1998; Yates and Guan,
1991). Instead, replication is regulated by assembly of ORC, MCM and other cellular
replication factors (Chaudhuri et al, 2001; Schepers et al, 2001). EBV encodes a single
protein, EBNA-1, that is required for maintenance replication and segregation of the viral
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genome. EBNA-1, binds to the latent replication origin, oriP (Rawlins et al, 1985; Yates et
al, 1985), which contains a family of repeats (FR) and a dyad symmetry (DS) element. The
FR element is essential for stable episomal maintenance and contains multiple EBNA-1
binding sites. It functions in concert with the DS element, which contains phased EBNA1
sites adjacent to telomere repeat factor (TRF) binding sites, which together function as an
efficient origin of DNA replication initiation (Deng et al, 2003; Deng et al, 2002). Thus the
function of EBNA is analogous to that of the E2 protein.

D. Papillomavirus Replication in Saccharomyces cerevisiae
There are many genetic systems and screens in yeast that enable the study of plasmid
maintenance in a much more practical and efficient manner than in mammalian cells.
Several studies have shown that papillomavirus genomes will replicate stably in yeast
(Angeletti et al, 2002; Chattopadhyay et al, 2005; Kim et al, 2005). Papillomavirus
genomes, and sub-genomic fragments, are replicated and maintained through sequences that
can substitute for autonomously replicating sequence (ARS) and centromere (CEN)
elements, even in the absence of the E1 and E2 proteins. Although this does not directly
parallel the requirements for papillomavirus replication in mammalian cells, the elements
identified in these studies may be important for viral genome replication in addition to E1
and E2-dependent elements.

In a different type of study, yeast plasmids containing an ARS element and E2 binding sites
could be maintained in yeast in the presence of the BPV-1 E2 protein and the mammalian
Brd4 protein (Brannon et al, 2005). Notably, S. cerevisiae do express a Brd4 family
member, Bdf1, but this is not sufficient for E2-dependent maintenance. Bdf1 does not
contain a region homologous to the C-terminal region of Brd4 that interacts with E2, but a
fusion protein of Bdf1-Brd4 can support E2-plasmid maintenance.

E. Anti-viral replication therapies
Many antiviral therapies for HPV-associated disease have focused on the replication
proteins (reviewed in (Fradet-Turcotte and Archambault, 2007)). Small molecule indandione
inhibitors, designed to inhibit interaction between the N-terminal domain of E2 and the
helicase domain of E1, inhibit HPV-11 replication (White et al, 2003). Polyamides have
been designed to inhibit specific E1 and E2 DNA binding function (Schaal et al, 2003). An
other attractive target is the enzymatic activities of the E1 ATPase/helicase and several
pharmaceutical companies have candidates for these inhibitors (reviewed in (Fradet-Turcotte
and Archambault, 2007). There is also great interest in designing therapeutics that would
disrupt the tethering of the viral genome to mitotic chromosomes, which is predicted to cure
persistent papillomavirus infection.

F. Papillomavirus-based vectors
Gene therapy vectors that replicate extrachromosomally are advantageous compared to those
that integrate randomly into the host genome as they will not result in insertional
mutagenesis and are not susceptible to positional effects, yet will persist long term in
dividing cells. One of the first descriptions of the concept of viral based vectors was
described by Rogers in 1966 in a paper entitled “Shope Papillomavirus: a passenger in man
and its significance to the potential control of the host genome” (Friedmann, 2001; Rogers,
1966). However, the actual use of papillomavirus-based vectors was not realized until the
1980s (Sarver et al, 1981). The first vectors consisted of the early region of BPV-1 linked to
an expression cassette for the foreign gene. However, these early vectors were not widely
adopted because they transformed cells, had a limited host range and transcription of the
foreign gene often caused the plasmid to integrate (Waldenstrom et al, 1992). This was
likely due to interference between the viral regulatory elements and the insertion of a
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heterologous enhancer and promoter sequences in the compact papillomavirus genomes.
More recently vectors have been developed based on the modular elements required for
replication. For example, newer BPV-1 based vectors contain only the LCR and the E1 and
E2 genes (Mannik et al, 2002; Ohe et al, 1995) and are maintained in transgenic mice for
several generations (Mannik et al, 2003). Human papillomavirus-based vectors have also
been explored and shown to be able to replicate, at least transiently, in human cell lines and
in the lungs of mice (Gadi et al, 1999; Sverdrup et al, 1999). However, at this point these
studies have shown mainly “proof of principle” of papillomavirus based vectors and they
have not yet been widely or practically used to express foreign genes. More detailed
knowledge of the mechanisms of human papillomavirus replication and genome
maintenance should enable the development of more successful vectors.
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Figure 1. Modes of Replication in the Life cycle of Papillomaviruses
The diagram shows a stratified epithelium. The lowermost basal layer provides the germinal
cells necessary for renewal of the epithelium. Papillomaviruses infect these cells through
microabrasions and the viral DNA undergoes a limited amplification after delivery to the
nucleus. The viral genome is maintained and partitioned in a regulated manner in these
dividing cells. They provide a reservoir of infected cells and, as they divide, individual
infected daughter cells are pushed upwards and begin the differentiation process. These
differentiated cells support vegetative replication resulting in a great amplification of the
viral genome. Eventually, the cells at the outermost layer, containing virion particles, are
sloughed from the epithelium.
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Figure 2. Papillomavirus genome
The early and late open reading frames, are indicated as E1–E8 and L1–L2, respectively.
The replication elements MME (minichromosome maintenance element) and origin are
shown in the LCR region. The E1 and E2 replication proteins are highlighted in green and
purple, respectively, with the corresponding binding sites shown in the origin region.
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Figure 3. Domain structure of the E1 and E2 proteins
A. The full-length E2 proteins of all papillomaviruses consist of two conserved domains
linked by a less conserved hinge region. The N-terminal domain is important for
transcriptional regulation and interaction with the E1 protein. The C-ternminal domain is a
specific DNA binding and dimerization domain. Phosphorylation sites mapped in BPV-1 E2
are indicated (Lehman and Botchan, 1998; McBride et al, 1989).
B. The E1 proteins consist of four domains. The N-terminal domain is important for
intracellular localization and contains both nuclear localization signals (NLS) and nuclear
export signals (NES). The next domain is an origin specific DNA binding domain, followed
by an oligomerization domain. The C-terminal domain contains the helicase function.
Phosphorylation sites mapped in BPV-1 are indicated above and those mapped in HPV11
are indicated below. See text for references.
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Figure 4. Initiation of DNA Replication
Initially, dimers of the E1 and E2 proteins co-operative together to bind to their specific
binding sites on the replication origin. The transactivation domain of E2 interacts with the
helicase domain of E1. This complex converts to a double E1 hexamer that encircles the
origin. In the absence of E2, the helicase domain can make additional, non-specific
interactions with DNA surrounding the origin.
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Figure 5. Structures of Papillomavirus E1 and E2 Protein Domains and Complexes
A. The transactivation domain (residues 1–201) of the HPV-16 E2 protein from the pdb file
1DTO (Antson et al, 2000). Residues R37 and I73 are shown in green and residue D39 is
shown in blue.
B. A dimer of the DNA binding/dimerization domain of BPV-1 E2 bound to DNA (residues
326–410) from the pdb file 2BOP (Hegde et al, 1992). The DNA is shown in gray.
C. The transactivation domain of HPV-18 E2 (residues 1–215; red) in complex with a c-
terminal domain of HPV18 E1 (residues 428–631; green) from the pdb file 1TUE (Abbate et
al, 2004). E2 residue D43 (equivalent to BPV-1 D39 in panel A) is shown in blue.
D. A dimer of the BPV-1 E1 DNA binding domain (residues 159–303) from the pdb file
1FO8 (Enemark et al, 2000). Residues shown in blue are important for DNA contact.
E. Double hexameric ring structure of the BPV-1 E1 helicase domain (residues 306–577)
from the pdb file 2GXA (Enemark and Joshua-Tor, 2006). Each E1 monomer is shown in a
different color.
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Figure 6. E1 Binding Origin Sequences
The palindromic E1 binding origin sequence from a range of papillomaviruses is shown.
The genus to which each virus belongs is shown to the right.
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Figure 7. Map of the E1 and E2 binding sites in the Long Control Regions in a Range of
Papillomaviruses
The LCRs of papillomaviruses from five different genera are shown. The end of the L1 and
beginning of the E6 open reading frames are indicated. The E1 binding site is indicated as a
green box. E2 binding sites that match the consensus ACCN6GGT are shown in purple. E2
sites that deviate from this consensus are shown in hatched purple.
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Figure 8. Mechanism of Papillomavirus Genome Partitioning
A. Model for partitioning of papillomavirus genomes. Cellular chromosomes (blue
crescents) are partitioned by attachment to the spindle in mitotis. The viral E2 protein
(purple) binds to the viral genome and tethers it to mitotic chromosomes, thus hitchhiking on
the cellular chromosomes.
B. Model for chromosomal tethering by the BPV-1 E2 protein. The E2 DNA binding
domain binds to sites in the viral genome while the transactivation domain interacts with
proteins, such as Brd4, on mitotic chromosomes.
C. Binding patterns of three different E2 proteins, as detected by immunofluorescence, on
mitotic chromosomes. BPV-1 E2 forms small speckles on the arms of all chromosomes.
HPV-8 E2 is observed in fewer, larger speckles that bind adjacent to the centromere of
acrocentric chromosomes. HPV-11 E2 is also observed binding to the pericentromeric
region of chromosomes, but only in certain fixation conditions (Oliveira et al, 2006). The E2
proteins are shown in green, cellular DNA in blue and the mitotic spindle in red.
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Figure 9. Vegetative DNA amplification in a BPV-1 Papilloma
E2-specific immunofluorescence and BPV DNA-specific fluorescent in situ hybridization
were performed on serial sections of bovine wart tissue. E2 protein expression is shown in
green in the top panels and viral DNA is shown in green in the bottom panels. In both cases
cellular DNA is counterstained in red. Cells containing high levels of both E2 protein and
viral DNA are indicate by arrows.
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TABLE 1

Chromosomal Targets of Viral Tethering Proteins

Virus Tethering Protein Putative Target or
Accessory factor

Ref

Papillomaviruses

BPV-1 E2 Brd4 (Baxter et al, 2005; You et al, 2004)

HPV-8 E2 rDNA (Poddar et al, 2008)

HPV-11 E2 Mitotic spindle (Van Tine et al, 2004)

BPV-1, HPV-16 E2 ChLR1 (Parish et al, 2006)

Herpesviruses

Epstein-Barr
Virus, EBV

EBNA-1 hEBP2 (p40)
A-T hook

(Kapoor and Frappier, 2003)
(Sears et al, 2004)

Kaposi's sarcoma associated
herpesvirus (HHV-8)

LANA Brd2
Brd4
Histone H1
Histones H2A/B
DEK, MeCBP
NuMA

(Platt et al, 1999; Viejo-Borbolla et al, 2005)
(You et al, 2006)
(Cotter and Robertson, 1999)
(Barbera et al, 2006)
(Krithivas et al, 2002)
(Si et al, 2008)

Herpesvirus saimiri ORF 73 MeCP2 (Calderwood et al, 2004; Griffiths and Whitehouse,
2007)
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